We have synthesized a material, boron oxynitride ͑BON͒, deposited as films on Si͑100͒ substrates by low frequency rf-derived plasma-assisted metalorganic chemical vapor deposition ͑MOCVD͒, and have studied the electrical and optical properties of these films. The effects of growth conditions such as the flux of the feed gas and growth time on these properties are investigated. Our data show that the electrical resistance decreases with an increase in nitrogen flux and growth time. Amorphous BON thin films grown at relatively low temperatures have higher resistance than microcrystal-containing films deposited at high temperature. Thus by controlling the nitrogen content of the film we can make BON thin films that are either semiconducting or insulating. We also monitored optical emission spectra ͑OES͒ during MOMCVD to analyze reaction of the gas phase in the plasma. Based on the OES result we confirm that BON thin films can be prepared under a nitrogen plasma.
I. INTRODUCTION
Ternary compounds composed of boron ͑B͒ and other light elements with the same principal quantum number n ϭ2 in the periodic table have been studied with the expectation of discovering new properties. The growth and properties of B-C-N and Li-B-O compounds have been reported. [1] [2] [3] [4] In particular B-C-N materials exhibit hybrid properties of insulators and semimetals. For example, the band gap of BC 2 N is 2 eV. 2 For the Li-B-O system the anionic group ͓BO 3 ͔ 3Ϫ , has a high microscopic nonlinear optical ͑NLO͒ susceptibility. 3 In both B-C-N and the BO 3 group, the covalent B electrons are sp 2 hybrids, which results in B and N substitution for C in the graphite structure in the B-C-N system. 4 No symmetric molecular structure occurs in the BO 3 group. 3 Recently, the B-C-O compound B 6 C 1.28 O 0.31 was shown to be a hard material with crystalline structure and morphology. 5 However, there are few reports so far on the new ternary B-O-N system.
Recently, oxynitride compounds have become promising functional materials for integrated circuits, flash memories, and solar cells. [6] [7] [8] SiON, for example, shows a small increase in charge trap density and interface state density after field-induced Fowler-Nordheim tunneling. This increases the reliability of flash memories. 9 For TiN application to very large scale integrated ͑VLSI͒ circuits of silicon on sapphire ͑SOS͒, Ti͑ON͒, generated by introducing the proper concentration of oxygen into TiN, dramatically enhances the barrier performance of diffusion layers. 6 Several methods are available for growing oxynitride compounds, such as the thermal method, 8, 9 rf plasma oxide, 7 and arc ion plating. 10 Mixtures of oxygen and very toxic NO/N 2 O were employed as oxygen or oxynitride sources. However, the convenient approach of using an organometallic precursor has not yet been applied.
Based on the above considerations, we are investigate the B-O-N system with the objective of discovering new electrical properties and using organometallic precursors to prepare oxynitride layers. Here, we report the synthesis of B-O-N thin films by low frequency rf plasma-enhanced metalorganic chemical vapor deposition ͑MOCVD͒ using an organic borate precursor. The as-grown films were found to be semiconducting. The electronic properties were found to be a function of growth conditions such as the growth time and feed gas flux.
II. EXPERIMENT
Low frequency ͑100 kHz͒ rf power of 500 W was employed to generate an Ar/H 2 plasma between two parallel electrodes. The flux of Ar and H 2 was 200 and 20 sccm, respectively. N 2 ͑5 and/or 20 sccm flux͒ was introduced into plasma as the nitrogen source. The low-cost, nontoxic liquid trimethyl borate ͑TMB͒, B͑CH 3 O) 3 , with a convenient 7850.4 Pa vapor pressure at 10°C was selected as the B precursor and introduced downstream in the plasma by a gas ring. The flux was 2.2 sccm without the carrier gas. The working pressure was 266 Pa in the deposition chamber. The substrates were n-type single crystalline Si͑100͒ wafers with 16.16 ⍀ cm resistivity. Prior to introducing a Si͑100͒ substrate into the CVD chamber, it was initially treated by a chemical cleaning process similar to that proposed by Ishizaka and Shiraki 11 to remove contamination and to form a thin oxide layer on the surface. Before deposition the substrate was in situ etched by Ar/H 2 plasma in the deposition chamber at 300°C for 15 min. A buffer layer was then made at the same temperature by introducing the N 2 and TMB into a͒ Corresponding author; electronic mail: jhboo@chem.skku.ac.kr the plasma within the next 15 min. The final deposition was performed at 500°C for 2-5 h just after buffer layer deposition. Details of the experimental configuration and deposition conditions are published elsewhere. 12 The as-grown films were characterized by Rutherford backscattering spectroscopy ͑RBS͒, atomic force microscopy ͑AFM͒ and transmission electron microscopy ͑TEM͒/ transmission electron diffraction ͑TED͒ to define the film composition, surface morphology, surface roughness, and film structure, respectively. The optical properties of the asgrown films were analyzed with ultraviolet-visible ͑UV/vis͒ spectroscopy and photoluminescence ͑PL͒ measurements. In addition, I -V measurements were also carried out using a metal-film-silicon structure fabricated by depositing Al dots on the as-grown surface of the film.
III. RESULTS AND DISCUSSION
Three typical samples are discussed here, the deposition of which was done as follows. The initial layer was deposited in 3 min as the temperature was increased from 300 to 500°C. The TEM results shown in Figs. 1͑a͒ and 1͑b͒ indicate that this procedure yields a straight clear interface between the buffer layer and the film, hence atomic-scale deposition can be performed with a low frequency rf, derived plasma with TMB and Ar/H 2 /N 2 , sources. Sample 1 was fabricated under F N 2 ϭ5 sccm for tϭ2 h. Sample 2 was deposited under F N 2 ϭ20 sccm for tϭ2 h. Sample 3 was grown under F N 2 ϭ20 sccm for tϭ5 h. The growth rates were about 20-100 nm/h depending on the different deposition times and N 2 fluxes as indicated in Fig. 1 . The larger the flux and the longer the growth time, the higher the growth rate. In Figs. 1͑a͒ and 1͑b͒ the buffer layers are very obvious, but in Fig. 1͑c͒ the layer is not clearly distinguishable and nanoscale particles occur. The TED patterns in the insets show that the growth is layer by layer up to 2 h, as can be seen in Figs.  1͑a͒ and 1͑b͒ . However, the sample in Fig. 1͑c͒ is different. This means that the growth rate depends on the deposition Fig. 1͑c͒ is polycrystalline. This indicates that crystallization occurs if the film is heated to 500°C for 2 h.
The AFM results in Fig. 2 show the roughness of the as-grown films. The observed root mean square ͑rms͒ roughnesses are 0.54, 0.57, and 3.2 nm for samples 1, 2, and 3, respectively. The rms increases with both the N 2 flux and the growth time. Of these two factors the growth time seems to be the more important. The roughness values in samples 1 and 2 suggest that the film morphology is smooth in each case, so we most likely have atomic-scale deposition under our growth conditions.
To obtain information about the primary species in the films as well as their compositions, we performed RBS measurements using 2.24 MeV 4 He 2ϩ particles at normal incidence. Figure 3 important factor than the growth time in decreasing the C content of the films. This suggests that under high nitrogen flux a gas phase reaction is important for BON film fabrication rather than a surface reaction that includes a ''atomicscale'' deposition.
12 Figure 4 shows the plasma diagnostic results obtained by optical emission spectroscopy ͑OES͒. In both N 2 flux cases, the main spectra are attributed to N 2 ͑337.1, 357.7, and 380.5 nm͒, N 2 ϩ ͑391.4, 419.1, and 427.8 nm͒ and N ͑743 and 783 nm͒ in addition to Ar-related species. The emission lines of Ar ϩ ͑456 and 460 nm͒ and H␣ ͑656 nm͒ are very weak. By comparing the experimentally observed spectral lines with theoretical spectroscopic data, 13 we identify the Balmer series spectral lines of N 2 and N 2 ϩ that are attributed to C 3 ⌸ -B 3 ⌸g and B 2 ⌺ ϩ u -X 2 ⌺ ϩ g transitions, respectively, as the main ones detected in this study. It is noticeable that the emission of N 2 ϩ is stronger than that of N in both N 2 flux cases. The intensity of each species varies according to the N 2 flux. It is stronger for F N 2 ϭ20 sccm than for F N 2 ϭ5 sccm. By comparing the ratio of the main peak of N 2 ϩ with that of N, i.e. (I N 2 (391) ϩ /I N(783) ), we find that N emission increases in the F N 2 ϭ20 sccm case. As shown in Fig. 3 , the N concentrations are higher for F N 2 ϭ20 sccm than for F N 2 ϭ5 sccm. This suggests that atomic N rather than ionized N 2 plays the primary role in the gas phase reaction that forms BON.
The current-voltage behavior was characterized with an Al/as-grown film/Si structure. Figure 5 shows the experimental forward-voltage versus current curves. Curves ͑b͒ and ͑c͒ show a typical Shottky barrier diode feature, 14 while curve ͑3͒ shows an insulator-semiconductor characteristic. The difference between curves ͑b͒ and ͑c͒ is that the cut-in voltage is smaller in curve ͑b͒ than that in curve ͑c͒. Moreover, curve ͑b͒ contains two steps that seem to consist of two metal-semiconductor ͑MS͒ structures. However, we are not sure at this stage why the ''two-step'' feature occurs in curve 2. The four-point probe method was used to measure the resistivity of the as-grown films before I -V characterization.
The measured values are of 34.82, 22.22 and 20.53 ⍀ cm for samples 1, 2, and 3, respectively. This means that as-grown BON films are semiconductors. As is well known, boron nitride and boron oxide are insulators. The band gaps of h-BN and B 2 O 3 are 5.6 and 5.8 eV, respectively. 15 In our case, the combination of N 2 ϩ and N, especially of N, into the B-O radical results in a change from insulator to semiconductor. Furthermore, the resistivity decreases with an increase of N content in the films.
We also measured the band-edge absorption of these films. Figure 6 shows their ultraviolet ͑UV͒/visible ͑VIS͒ absorption spectra. With a decrease in N content the transmittance is reduced and the band-edge adsorption moves towards shorter wavelengths. For example, the BON film with N 2 ͑sample 3͒ has moderate transmittance ͑about 50%͒ in the infrared ͑IR͒ region, through the visible and into the UV regions, where it drops sharply at the band edge of the material. With the nearly straight-line interception at about 360 nm, we deduce a band gap of 3.4 eV. This result also can be found by photoluminescence excitation ͑PLE͒ spectroscopy, as shown by the data in Fig. 7 . Absorption occurs at 354 nm. Therefore, the optical band gap is 3.5 eV, which agrees well with the UV results. The PL peak occurs at 633 nm, which means that the conduction band gap is less than the optical band gap. Thus, the BON films prepared here are bandstructured materials with heavy doping. From these results we can in principle tailor BON from insulator to semiconductor by changing the nitrogen and oxygen contents of the films. 
IV. CONCLUSIONS
BON films were fabricated by low frequency ͑100 kHz͒ rf plasma-enhanced MOCVD. The organoborate precursor trimethylborate was used to take advantage of the B-O bond. Using this precursor, BON material crystallizes at 500°C, and atomic-scale deposition could be performed with an Ar/H 2 /N 2 plasma, resulting in a smooth surface with a sharp interface between the BON film and the buffer. In situ OES data showed that the optical emission of ionized N 2 is stronger than that of N in the plasma. However, atomic N plays an important role in raising the N content of the films. The electrical resistivity of as-grown films is highly influenced by the N content, with an increase in N lowering the resistivity. Also, the microcrystalline film has lower resistivity than the amorphous one. The I -V and UV/vis results indicate that the BON thin films are semiconductors.
